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ABSTRACT 

The  directivity  index  (DI)  is  a  special  case  of  array  gain  for  the 
constraint  that  the  signal  is  a  plane  wave  and  the  noise  field  is  isotropic. 

To  examine  the  effect  of  hydrophone  configuration  on  DI,  three  arrays  have 
been  examined.  All  three  arrays  are  line  arrays  nominally  300  m  in  length  and 
composed  of  32  omnidirectional  elements.  The  three  array  configurations  are 
asymmetric  geometric  taper,  symmetric  geometric  taper,  and  equi-spaced. 
Directivity  index  values  were  computed  over  the  frequency  regime  of  10  to  410 
Hz.  and  over  the  steering  angle  regime  of  broadside  (90°)  to  endfire  (0°). 

The  DI  values  for  the  asymmetric  and  symmetric  are  very  similar,  and  show  less 
fluctuations  over  frequency  and  steering  angle  than  the  DI  values  for  the 
equi-spaced  array  configuration.  For  each  of  the  three  arrays,  at  all 
frequencies  below  a  cutoff  frequency  which  depends  on  the  array  configuration 
type,  the  maximum  value  of  DI  as  a  function  of  steering  angle  is  at  endfire  (0°). 
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THE  EFFECT  OF  HYDROPHONE  CONFIGURATION 
ON  THE  DIRECTIVITY  INDEX  OF  A  LINE  ARRAY 


INTRODUCTION 

The  directivity  index,  or  DI,  is  a  special  case  of  array  gain  for  the 
condition  when  the  signal  is  a  plane  wave  and  the  noise  field  is  isotropic. 

It  is  a  frequently  used  parameter  for  the  assessment  of  an  array's  utility. 

As  a  part  of  the  Broadband  Passive  Sonar  Signal  Processing  program,  the 
directivity  indices  for  three  arrays  have  been  investigated  as  functions  of 
both  frequency  and  steering  angle.  All  three  arrays  each  have  32  hydrophones 
and  a  line  aperture  on  the  order  of  300  meters,  but  each  array  has  different 
hydrophone  spacings.  The  three  hydrophone  spacings  are  (1)  asymmetric 
geometric  taper  (2)  symmetric  geometric  taper,  and  (3)  equi-spaced.  This 
memorandum  describes  the  principal  results  of  the  DI  study. 

BRIEF  MATHEMATICS 

Consider  a  line  array  with  a  Cartesian  co-ordinate  system  as  shown  in 
figure  1.  The  pressure  squared  far-field  beam  pattern  can  be  defined  as 
b(f,&,e$,0),  where  f  is  frequency,  e  is  the  bearing  angle  in  the  x-y  plane, 
e$  is  the  steering  angle  in  the  x-y  plane,  and  <t>  is  the  bearing  angle  in  the 
x-z  plane.  In  this  study  the  beam  pattern  is  assumed  to  have  rotational 
symmetry  about  the  x-axis.  The  beam  pattern  can  then  be  defined  without 
ambiguity  as  b(f,  e,  ©s),  and  the  DI  can  be  defined  as 

180° 

DI  (f,  ©s)  =  -10  log1Q((l/2)A  b(f,  e,  es)  sine  de)  (1) 

J  0° 

ARRAY  CONFIGURATIONS 

Three  hydrophone  configurations  were  considered.  All  three  are  line 
arrays  consisting  of  32  elements.  All  were  developed  from  the  generalized 
geometric  taper  design,2  as  shown  in  figure  2,  where 

Smin  =  minimum  spacing  between  hydrophones 
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Smax  =  maximum  spacing  between  hydrophones 
N  =  total  number  of  hydrophones 

r  =  r!/( N-2)  ^2) 

R  =  Smax^Smin  =  taPer  ratio  (3) 

If  the  sound  speed  is  defined  as  C,  two  other  useful  definitions  are 

fmax  =  C/(2Smi-n)  =  maxirT,um  design  frequency  (4) 

fmin  -  C/(2Smax)  =  minimum  design  frequency  (5) 

R  can  now  be  redefined  as  R  =  fmax/fmin-  The  three  array  designs 
considered  are  asymmetric,  symmetric,  and  equi-spaced.  The  principal 
properties  of  the  three  designs  are  given  in  Table  A,  below  - 


Table  A  -  Properties  of  Three  Proposed  Line  Arrays 


Array 

No. 

Hydrophone 

Configuration 

fmin 

(Hz) 

fmax 

(Hz) 

Smax 

(m) 

Smin 

(m) 

L 

(m) 

R 

N 

1 

Asymmetri c 

49 

197 

15.2 

3.8 

295.3 

4 

32 

2 

Symmetric 

49 

197 

15.2 

3.8 

301.0 

4 

16 

3 

Equi-spaced 

75.0 

75.0 

10.0 

10.0 

310.0 

1 

32 

For  the  above  table  and  throughout  this  study,  the  sound  speed  C  is  assumed  to 
be  1500  m/s. 

Array  Number  1,  the  asymmetric  geometric  configuration,  was  obtained 
directly  from  the  generalized  geometric  taper  design.  Array  Number  2.  the 
symmetric  geometric  configuration,  was  obtained  by  joining  two  asymmetric 
arrays  each  consisting  of  16  elements.  This  design  is  called  'symmetric' 
because  the  element  spacings  are  minimum  at  the  center  of  the  array,  and 
increase  symmetrically  toward  both  ends  of  the  array.  Array  Number  3,  the 
equi-spaced  array,  is  a  special  case  of  the  asymmetric  geometric  taper,  i.e.. 
the  taper  ratio  is  1.  The  element  location  for  all  three  configurations  are 
given  in  Table  B,  as  follows: 
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Element 

No. 

Table  B  -  Element 

Locations  for  the  Three  Proposed  Arrays 

Asymmetric 

Element  Location  (m) 
Symmetric 

Equi-spaced 

1 

0.0 

0.0 

0.0 

2 

3.8 

15.2 

10.0 

3 

8.0 

29.7 

20.0 

4 

12.6 

43.4 

30.0 

5 

17.5 

56.4 

40.0 

6 

22.9 

68.6 

50.0 

7 

28.9 

80.1 

60.0 

8 

34.7 

90.7 

70.0 

9 

41.2 

100.6 

80.0 

10 

48.0 

109.7 

90.0 

11 

55.2 

118.1 

100.0 

12 

62.9 

125.7 

110.0 

13 

70.9 

132,6 

120.0 

14 

79.3 

138.7 

130.0 

15 

88.0 

144.0 

140.0 

16 

97.2 

148.6 

150.0 

17 

106.7 

152.4 

160.0 

18 

116.6 

157.0 

170.0 

19 

126.9 

162.3 

180.0 

20 

137.5 

168.4 

190.0 

21 

148.6 

175.3 

200.0 

22 

160.0 

182.9 

210.0 

23 

171.8 

191.3 

220.0 

24 

184.0 

200.4 

230.0 

25 

196.6 

210.3 

240.0 

26 

209.6 

221.0 

250.0 

27 

222.9 

232.4 

260.0 

28 

236.6 

244.6 

270.0 

29 

250.7 

257.6 

280.0 

30 

265.2 

271.3 

290.0 

31 

280.0 

285.8 

300.0 

32 

295.3 

301.0 

310.0 

COMPUTATIONAL  METHOD 

The  universal  beam  pattern  was  computed  for  each  array  configuration. 

The  universal  beam  pattern  b(Y)  is  the  pressure  squared  far-field  response  of 
an  array  as  a  function  of  Y,  which  is  defined  as 


y  =  (2  f  Smin/C)(cos  e  -  cos  e$)  (6) 

The  DI  of  each  particular  frequency/steering  angle  pair  was  computed 
numerically  by  integrating  eq.  1  over  the  appropriate  bounds  of  the  universal 
beam  pattern.  For  example,  consider  the  DI  computation  for  the  symmetric 
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configuration  at  a  frequency  of  100  Hz  and  steering  angle  of  30°.  The 
conventional  beampattern  would  be  integrated  from  0°  to  180°.  The  universal 
beampattern  is  integrated  from  ymin  to  Ymax,  where 

(2  x  100  x  3.8/1500)  (cos  (180°)  -  cos  (30°)) 

-.95 

(2  x  100  x  3.8/1500)  (cos  (0°)  -  cos  (30°)) 

+.07 

The  advantage  of  using  the  universal  beam  pattern  instead  of  the 
conventional  beam  pattern  is  that  the  universal  beam  pattern  need  only  be 
computed  once  for  each  array  configuration,  while  the  conventional  beam 
pattern  must  be  computed  individually  for  each  frequency/steering  angle 
required. 

The  software  was  tested  by  comparing  results  with  analytic  DI  solutions 
for  an  N  element  equi-spaced  array  steered  broadside.'*'  For  N  =  32,  and  a 
separation  of  10m  between  elements,  DI's  were  computed  from  10.0  Hz  to  410.0 
Hz  in  1.0  Hz  increments.  The  maximum  error  was  0,01  dB. 

RESULTS 

Figure  3  shows  the  universal  beam  pattern  for  the  asymmetric  array  over 
the  range  of  y  from  -2.0  to  2.0.  Figure  4  shows  the  DI  of  the  asymmetric 
array  as  a  function  of  frequency  from  10  to  410  Hz  for  four  values  of  steering 
angle.  The  solid  line  shows  results  obtained  with  a  steering  angle  of  90° 
(broadside),  the  dashed  line  represents  results  for  60°  steering,  the  plus 
symbols  represent  results  for  30°  steering,  and  the  dots  represent  results  at 
0°  (endfire)  steering.  The  arrow  on  the  y  axis,  at  15  dB,  represents  10  log-^32. 
In  general,  at  any  given  frequency,  values  of  DI  at  ©$  =  60°  are  less  than 
those  at  e$  =  go°,  and  values  of  DI  at  es  =  30°  are  less  than  those  at 
©s  =  60°.  However,  note  the  results  at  endfire  steering  (©s  =0°).  For 
frequencies  less  than  150  Hz,  DI  values  at  endfire  are  actually  greater  than 
those  at  broadside.  To  further  understand  the  behavior  of  the  DI  as  a  function 
of  frequency  and  steering  angle,  figure  5  is  a  contour  plot  of  the  DI  of  the 
asymmetric  array.  The  region  in  white  represents  all  values  of  DI  greater  than 
15  dB,  while  the  region  in  black  represents  values  of  DI  between  12  and  15  dB, 
and  the  hatched  area  represents  all  values  less  than  12  dB. 


rmin  = 
Ymin  = 
Ymax 
Ymax  = 
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Figure  6  shows  the  universal  beampattern  of  the  symmetric  array,  plotted 

from  Ymin  =  t0  Ymax  =  2’°*  Fl'9ure  7  shows  the  DI  of  the  symmetric 
array  as  a  function  of  frequency  for  four  steering  angles.  The  solid,  dashed, 
plus  symbol,  and  dotted  lines  show  results  for  steering  angles  of  90°,  60°, 
30°,  and  0°,  respectively.  Again,  the  arrow  marks  a  level  of  10  log1032,  or 
15  dB.  In  general,  results  are  very  similar  to  those  of  the  asymmetric 
array.  Figure  8  shows  the  contour  plot  of  the  symmetric  array,  and  again  is 
quite  similar  to  figure  5. 

Figure  9  shows  the  universal  beampattern  of  the  equi-spaced  array, 
plotted  from  Ymi-n  =  -2.0  to  Ymax  =  2.0.  Figure  10  shows  the  DI  of  the 
equi-spaced  array  as  a  function  of  frequency  for  the  same  four  steering  angles 
used  for  the  other  two  array  configurations.  Again,  the  solid,  dashed,  plus 
symbol,  and  dotted  lines  show  DI  results  for  steering  angles  of  90°,  60°,  30° 
and  0°,  respectively.  The  arrow  marks  10  log1032.  or  15  dB.  For  broadside 
steering,  note  the  maximum  of  17.5  dB  obtained  at  150  Hz,  which  suddenly  drops 
off  by  about  4  dB  within  just  a  few  Hertz.  Figure  11  shows  the  associated 
contour  plot,  which  is  strikingly  different  from  the  contour  plots  of  the 
asymmetric  and  symmetric  arrays. 


SUMMARY 

The  directivity  indices  for  three  array  configurations  were  examined  as 
function  of  frequency  and  steering  angle.  All  three  arrays  are  line  arrays 
nominally  300  m  in  length  and  consisting  of  32  elements.  The  three  configu¬ 
rations  are  asymmetric  geometric  taper  symmetric  geometric  taper,  and  equi- 
spaced.  The  DI  performance  of  the  asymmetric  and  symmetric  arrays  are  very 
similar,  and  show  less  fluctuations  over, frequency  and  steering  angle  than  DI 
values  for  the  equi-spaced  array.  For  each  of  the  three  arrays,  at  all 
frequencies  below  a  cutoff  frequency  which  depends  on  the  array  configuration 
type  the  maximum  value  of  DI  as  a  function  of  steering  array  is  at  endire  (0°). 
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Figure  1.  Array  Coordinate  System  for  DI  Study 
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Figure  2.  Generalized  Geometric  Taper  Array  Design 
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Figure  3.  Universal  Beam  pattern  of  the  Asymmetric  Array 
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DI  vs  Frequency  of  the  Asymmetric  Array  for  Four  Steering  Angles 
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Figure  5.  Contours  of  DI  for  the  Asymmetric  Array 
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Figure  6.  Universal  Beam  Pattern  of  the  Symmetric  Array 
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Figure  7.  DI  vs  Frequency  of  the  Symmetric  Array  for  Four  Steering  Angles 
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Figure  8.  Contours  of  DI  for  the  Symmetric  Array 
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Figure  10.  DI  vs  Frequency  of  the  Equi-Spaced  Array  for  Four  Steering  Angles 
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Figure  11.  Contours  of  DI  for  the  Equi-Spaced  Array 
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